INTRODUCTION {#SEC1}
============

Helices formed by natural amino acids and nucleotides are predominantly right-handed, while left-handed forms, such as PPII helices in proteins and Z-DNA and Z-RNA duplexes, are relatively rare. A left-handed, double-helix DNA with two antiparallel chains joined by Watson-Crick (WC) base pairs was first revealed by a crystal structure of d(CGCGCG)~2~ in 1979 ([@B1]). The term 'Z-DNA' was coined for this structure because the sugar-phosphate backbone displays a characteristic zig-zag pattern. Z-DNA is formed by dinucleotide repeats, and is a characteristic of sequences that alternate purines and pyrimidines, mainly CG or GC. These kinds of base pairs give rise to an anti--syn alternation, which is due to rotation of the guanine residue around its glycosidic bond, resulting in a syn conformation, while the cytosine retains its anti configuration ([@B2],[@B3]). A high density of base sequences favoring Z-DNA is found near transcription start sites ([@B4]), where Z-DNA is stabilized by negative supercoiling of DNA ([@B3],[@B5]). Z-DNA is induced by a set of binding proteins near promoter regions, which boosts the transcription of downstream genes ([@B6]). Z-DNA is highly immunogenic, and antibodies against it ([@B7]--[@B9]) are used to find locations prone to Z-DNA conformations. The current view is that Z-DNA formation plays a role in gene expression, regulation and recombination ([@B3],[@B6],[@B10]--[@B16]).

Since the right-handed form is DNA\'s dominant duplex conformation, research has focused on the microscopic mechanisms behind the B-Z DNA transition and controversial models have ensued ([@B17]). Proposed transition mechanisms include: base-pair opening before base-pair plane and phosphate backbone angle rotation within the core of the helix ([@B1]); successive flipping of base-pair planes, without any disruption of the WC pairs ([@B18]); models with intermediate structure ([@B19]--[@B23]), such as one with two A-DNA-like intermediates ([@B20]); extrusion of bases, as observed in the crystal structure of a B-Z junction ([@B23]), followed by propagation and reformation of the pairs. Recent molecular dynamics (MD) simulations indicate that the transition is governed by a complex free energy landscape which allows for the coexistence of several competing mechanisms so that the transition is better described in terms of a reaction path ensemble ([@B24]).

After the discovery of Z-DNA, it was found that the right-handed A-RNA double helix made of CG repeats may also be transformed into a left-handed double helix or Z-RNA ([@B25]--[@B29]) under conditions of high ionic strength or high pressure ([@B30]). The first detailed structure of Z-RNA of natural sequence, r(CGCGCG)~2~, was described in a nuclear magnetic resonance (NMR) study at high ionic strength in 2004 ([@B29]). However, in contrast to Z-DNA, considerably less is known about Z-RNA and what role it may play in terms of biological functions. Recent experiments---based on binding to the RNA-editing enzyme ADAR1---have probed the structure of Z-RNA under physiological ionic strength conditions, and provided some evidence that there may even be more than one type of Z-RNA present, either *in vitro* or *in vivo* ([@B31]).

An important structural determinant of nucleic acids is that they are polyanionic in nature, and water and counterions are crucial for their stability. In solution, counterions surround the nucleic acid structures and neutralize the nucleic acid anionic phosphates. In addition, they can establish water-mediated contacts and less frequent direct contacts with the electronegative groups. These counterions affect both the structure and stability of the nucleic acid conformations, and therefore their biological function. Specifically, counterions can help regulate genome packing ([@B32],[@B33]), ribozyme activity ([@B34]), RNA folding ([@B35]--[@B37]), and aid in mediating DNA--protein interactions ([@B38]). In fact, due to the highly charged nature of DNA and RNA, it is unlikely that these could be packaged into their compact cellular forms in the absence of counterions ([@B32]). Ions also perform an important role in the transition between the right-handed forms at low salt concentrations, and the left-handed forms at high salt concentrations. In solution, the cations move close to the nucleic acid molecule, finding their way into the major and minor grooves, and backbone oxygens. Given the dynamical nature of the system, the cations generally become localized for relatively short periods of time before drifting away and being replaced by other cations from the solution. Similarly, the mobile anions are likely to be excluded from the near nucleic acid region due to electrostatic repulsion. However, nucleotide electropositive edges have been shown to exhibit specific anion binding sites that also turn out to be good locations for the binding of the negatively charged aspartic and glutamic amino acids and negatively charged groups of other ligands ([@B39]).

Considering the importance of the ion distribution in stabilizing nucleic acid structure, it is not surprising that this issue has received intense scrutiny over the past three decades. Although the ions are mobile, some of them can be localized long enough (especially divalent cations) to show up as bound ions in X-ray diffraction studies ([@B40]--[@B51]), although different atomic resolution crystal structures of equal sequences may differ on the presence of bound ions ([@B52],[@B53]). Additional improvements have become possible through a combination of anomalous small-angle X-ray scattering ([@B54]--[@B56]) and atomic emission spectroscopy ([@B57]). With these techniques, it has been possible to count explicitly the number of ions in a given region, and thereby provide information as to their time-averaged distributions. NMR studies have also been used to study nucleic acid structure and surrounding ions, especially when precision is improved by the addition of residual dipolar couplings. Thus, for instance, NMR studies have found bound monovalent ions in either the major or minor groove of DNA ([@B42],[@B47],[@B58]--[@B63]).

However, it is still difficult to obtain true spatial resolution and dynamical information with these experimental techniques. This is where classical MD simulations are extremely useful, as they make it possible to explicitly track the motion of ions around the nucleic acids in order to quantify their locations and effect on structure. In fact, MD simulation of the ion atmosphere around nucleic acids has been around for decades ([@B39],[@B64]--[@B79]), especially since the correct treatment of electrostatics ([@B80]--[@B84]) led to stable, reliable trajectories ([@B81]). With some exceptions, the majority of the work has focused on B-DNA. Only recently have more systematic studies on A-RNA emerged ([@B85]--[@B89]). In addition, much effort in the refinement of nucleic acid fields has taken place in the last decade ([@B79],[@B90]--[@B92]), leading to more accurate results in the relatively long-time simulations that are required for the equilibration of the ion distribution.

In this article, we report on a large-scale MD study of the ion distribution around individual (5′-CGCGCGCGCGCG-3′)~2~ dodecamers in solution in B-DNA, A-RNA, Z-DNA and Z-RNA forms. The duplexes are immersed in rather large water boxes to account for the fact that ionic distribution functions need to be calculated to ∼30 Å. The study involves 20 simulations lasting 120 ns each. We chose this sequence because we wanted to carry out a comparative study of ion distribution, and the CG sequence is crucial for the left-handed forms. A fair comparison between the different structures needs the same sequence, as previous simulations have shown that the ion distributions exhibit sequence-dependent features. From a chemical point of view, a comparison between RNA and DNA structures only involves the presence or absence of the 2′-OH group in the sugar (and avoids the extra T/U change associated with AT sequences). The regularity of the sequence also allows for much more 'clear-cut' results and conclusions about distribution around CG pairs. Salt effects in this sequence have been studied in 2000, via 2.5-ns long simulations involving the distribution of the K^+^ ion ([@B70]); and more recently in simulations that studied the effect of force fields, water model and salt concentration on the structure of A-RNA ([@B85],[@B87]) (these studies did not report results on the ionic distribution itself). Other than that, most of the recent simulations on the ion atmosphere around right-handed nucleic acid duplexes employ sequences that are relatively rich in A and T or U nucleotides. Although *in vitro* the transition from the right-handed forms to the left-handed forms can be triggered with the addition of salt at high concentrations ([@B29]), the Z-forms also exist under physiological ionic strength ([@B31]). Simulations allow us to stabilize the left-handed forms and then to slowly increase the concentration of salt in order to discern how ion binding is linked to the structure of the duplex.

In terms of ions, we investigated the distribution of the monovalent Na^+^ and K^+^, and divalent Mg^2+^ ions around these structures, with various concentration values of their chloride salts. The cations most frequently found around nucleic acids are K^+^ (∼0.14 M inside the cell) and Mg^2+^, while the Na^+^ ion is most frequently found in extracellular fluids ([@B76]). Since most studies of monovalent ions around nucleic acids involve the Na^+^ ion, it is of interest to study the differences in binding between Na^+^ and K^+^. In this work, we carry out a comparative study of the distributions of each of these cations around each of the four possible duplexes and discuss in detail the sources of the various, important observed differences.

MATERIALS AND METHODS {#SEC2}
=====================

Much effort in the refinement of nucleic acid force fields has taken place in the last decade ([@B79]), including quite recent reparameterizations in the AMBER force field ([@B90]--[@B92]). In this work, large-scale MD simulations were used to explore the ion distribution around DNA and RNA sequences (CG)~6~ (a shorthand for (5′-CGCGCGCGCGCG-3′)~2~) in an explicit solvent environment. The simulations were carried out using the PMEMD module of the AMBER 12 ([@B93]) software package with the ff12SB force field with parameters ff99BSC0 ([@B90]) for DNA and ff99BSC0+χ~OL3~ ([@B87],[@B91],[@B92]) for RNA. The TIP3P model ([@B94]) was used for the water molecules. The duplexes were placed in cubic box of ∼82 Å side, filled with a suitable number of water molecules. Such a large box is necessary, since cylindrical distribution functions (CDFs) need to be calculated to a distance of at least 30 Å. Simulation details and the equilibration process, which took longer than 1.5 ns, are given in the Supporting Information (SI) associated with this paper. The equilibration process was followed by 120 ns of constant pressure and temperature production runs. A system of oligonucleotides, water and ions takes long to reach full equilibrium, and the motion of ions is the rate-determining step for convergence ([@B72]). Indeed, for a palindromic sequence of a DNA dodecamer, it has been shown that convergence of the ion distribution in each strand (so that it reflects the symmetry of the sequence) takes ∼100 ns ([@B73]) (although internal structural parameters can take shorter times, anywhere between 10 and 50 ns ([@B87])). Thus, equilibrium data were collected from only the last 100 ns of these runs, since a minimum of 20 ns is required in order to stabilize the ion distribution.

Five simulations were carried out for each duplex with the following ions: (i) 22 neutralizing Na^+^, no excess salt; (ii) 22 neutralizing Na^+^ and 0.4-M NaCl; (iii) 22 neutralizing K^+^ and 0.4-M KCl; (iv) 11 neutralizing Mg^2+^ and 0.2-M MgCl~2~; and (v) 22 neutralizing Na^+^ and 4.0-M NaCl. Here, the 'salt' molarity is used to indicate 'excess' salt (over the neutralizing ions). Thus, we will refer to the case (i) above as 'zero salt', although it has 0.06-M Na^+^, due to the neutralizing ions. Ions parameters are given in the SI.

Our analysis was focused on calculating the distribution of the mobile ions around the nucleic acid structures. To that end, we calculated the diffusion coefficients for the ions, the cylindrical and radial distribution functions (RDFs), and carried out an analysis of the efficacy of different sites in localizing the ions. The definitions for these quantities are standard, and their details are given in the SI section.

In terms of an analysis of a potential binding site, a Na^+^ (K^+^) ion was considered to be 'bound' to or localized next to a specific atom on the duplex if its distance to that atom was less than 3 Å (3.5 Å) for direct binding, or less than 6 Å when mediated by intervening water molecules. The direct binding distance corresponds to a minimum in the RDF around the electronegative nucleic acid atoms, which separates the first solvation shell from the second solvation shell. Both base and backbone sites were considered when calculating the occupancies. Occupancy was defined as the percentage of time that at least one ion was bound to a given duplex atom during the data collection time of the simulation (last 100 ns). An ion can potentially contribute to the occupancy of more than one atom in the duplex. For B-DNA and A-RNA, C(O2,N1) and G(N2,N3,N9) belong to the minor groove and C(N4) and G(O6,N7) belong to the major groove (Figure [1](#F1){ref-type="fig"}). The situation is less clear for the left-handed forms. For instance, in Z-DNA the minor groove is clearly discernible, while the major groove becomes flat. Here, we will use the same atomic conventions for the major and minor grooves as for the right-handed forms, as this convention has been used previously in the literature for Z-DNA ([@B1]) and for Z-RNA ([@B29]). For the backbone, we consider the phosphate oxygens, OP1 and OP2, the phosphate esteric oxygens, O5′ and O3′, the sugar-ring oxygen, O4′, and for the RNA structures the 2′-OH oxygen, O2′ (we will refer to these collectively as the O′ oxygens).

![Atomic depiction of a CG Watson--Crick pair. Green and blue atoms represent the important major and minor groove atoms responsible for ion localization. The oxygen O2′ atom in RNA is marked in red. Hydrogen atoms are omitted for clarity.](gku1107fig1){#F1}

The interaction between duplex sites and ions is, of course, a dynamical affair. Thus, an ion at a given binding site may drift away and then, after a period of time, be replaced by a new ion. Hence, to quantify how long an ion stays in a given binding site, we define a residence time *τ*~*R*~ by means of a standard time correlation function *C*(*t*)~*i*~ for binding site *i*: $$\documentclass[12pt]{minimal}
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}{}\begin{equation*} C(t)_i=\sum _{t_o}\sum _tp_i(t_o)p_i(t_o+t), \end{equation*}\end{document}$$where *p*~*i*~(*t*) is unity if the site is occupied by an ion within 3 Å for Na^+^ and 3.5 Å for K^+^, and zero otherwise. Typically, this function takes the form of a decaying exponential and so *C*(*t*)~*i*~ ∼ exp(*−t*/*τ*~*R*~) which in turn defines the residence time *τ*~*R*~ as a time constant. In our simulations, *C*(*t*)~*i*~ were measured over time intervals of 10 ps to 1 ns, with an increasing step of 10 ps.

RESULTS {#SEC3}
=======

Cylindrical distribution functions {#SEC3-1}
----------------------------------

Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"} illustrate the CDFs for the different duplex structures at low and high salt concentrations, respectively. Figure [2](#F2){ref-type="fig"} shows convergence of the CDFs, which occurs around 20 ns in the left-handed forms and after 40 ns in the right-handed forms. At zero-salt concentration (with only neutralizing Na^+^; Figure [2](#F2){ref-type="fig"}), the peaks associated with the RNA structures are higher than those for the corresponding DNA structures, indicating that the number of ions localized around the RNA structures is larger than that for the DNA counterparts. In addition, the peaks associated with the left-handed structures are higher than those for the corresponding right-handed structures, pointing to higher localization of ions around the left-handed structures. The fall-off from the first peak differs considerably between the structures. For B-DNA, this is characterized by a set of minima and maxima between 7 and 14 Å, followed by a smooth decay to approximately zero (\<0.05 M, which is the concentration of 22 Na^+^ ions in the given box) at ∼28 Å. By contrast, Z-DNA has a single secondary maximum between 6 and 8 Å followed by a smooth decay to ∼0 at ∼23 Å. For A-RNA, there are a few, shallow oscillations after the initial peak, and it takes ∼26 Å to decay to zero. Likewise, a set of very shallow minima and maxima characterizes the Z-RNA fall-off, followed by a smooth decay to zero at ∼25 Å.

![CDFs for Na^+^ ions at zero salt. These plots also illustrate the convergence of these CDFs over time with different colors indicating ever increasing time intervals: black (20--30 ns), red (20--40 ns), blue (20--50 ns), magenta (20--60 ns) and green (20--70 ns).](gku1107fig2){#F2}

![Converged CDFs at high salt concentrations. CDFs are shown for the three cations: Na^+^ (red), K^+^ (blue), Mg^2+^ (green); and negative ions: Cl^−^ (black) for NaCl and KCl, and Cl^−^ (orange) for MgCl~2~. Results are under conditions of high salt concentration: 0.4 M for NaCl/KCl and 0.2 M for MgCl~2~ (plus the corresponding neutralizing cations). Results for Cl^−^ ions for NaCl/KCl are virtually identical, and so these are not color differentiated.](gku1107fig3){#F3}

Turning to the results for high salt ( 22 Na^+^ ions + 0.4-M NaCl; 22 K^+^ ions + 0.4-M KCl; 11 Mg^2+^ ions + 0.2-M MgCl~2~) in Figure [3](#F3){ref-type="fig"}, B-DNA now has a number of well discernible peaks associated with each of the three cations, Na^+^, K^+^ and Mg^2+^. By comparison to the zero-salt distribution of Na^+^ ions in Figure [2](#F3){ref-type="fig"}, there are now several lower peaks for Na^+^ before the distribution smoothly decays to the bulk concentration value. The distributions for the three cations around B-DNA indicate the presence of two equally important 'binding shells' (more diffuse in the case of Na^+^). The second binding shell is also present in Z-DNA, although its peak is considerably lower than the first peak. Distributions for Na^+^ and K^+^ ions are similar for Z-DNA, but the first peak is much more prominent for K^+^ than Na^+^ ions in B-DNA and A-RNA, while the first Na^+^ peak is higher than the K^+^ one for Z-RNA. In the RNA duplexes, the ions can become very close to the central axis. The peaks associated with the Mg^2+^ ions are shifted outward, in comparison to the peaks associated with the monovalent cations (except for A-RNA where the peaks for Na^+^ and Mg^2+^ ions are centered at approximately the same distance).

The total ionic charge (both co-ions and counterions) accumulated as a function of radial distance from the helical axis is shown in Figure [4](#F4){ref-type="fig"}. The charge is normalized with respect to the total charge of the nucleic acid duplex (−22e). For any given distance before the asymptotic value, A-RNA is more screened than B-DNA. For regions close to the axis, A-RNA localizes more Na^+^ and K^+^ ions than both B-DNA and Z-DNA, and more Mg^2+^ ions than the three other forms. At intermediate distances, charge neutralization works better in the left-handed forms (which are comparable). The Mg^2+^ ion distribution is considerably more localized than the Na^+^ ion distribution, which in turn is slightly more localized than the K^+^ ion distribution.

![Accumulation of total ionic charge (counterions + co-ions) as a function of radial distance from the central axis of the duplex. The values are normalized with respect to the net charge of the duplex sequence (−22e). Different colors represent different structures: B-DNA (black); Z-DNA (red); A-RNA (green); Z-RNA (blue). (**a**) Na^+^ at 0.4-M NaCl; (**b**) K^+^ at 0.4-M KCl; (**c**) Mg^2+^ at 0.2-M MgCl~2~.](gku1107fig4){#F4}

Radial distribution functions {#SEC3-2}
-----------------------------

Figures [5](#F5){ref-type="fig"}--[9](#F9){ref-type="fig"} display RDFs of the Na^+^ and Mg^2+^ ions with respect to different DNA/RNA atoms. Within the major groove, there are qualitative similarities for Na^+^ binding between B-DNA and A-RNA in Figure [5](#F5){ref-type="fig"}. The first peak of the electronegative O6 atom occurs at 2.4 Å for both B-DNA and A-RNA. The bulky, hydrated Mg^2+^ (Figure [6](#F6){ref-type="fig"}) is displaced outward with binding distances with respect to O6 of 4.1 Å (B-DNA) and 4.3 Å (A-RNA). For the left-handed forms, differences in Na^+^ binding are considerable. In particular, Z-RNA displays far stronger binding than Z-DNA, characterized by very strong O2 binding (at 2.3 Å), while Z-DNA has relatively little direct binding to O2 at 2.4 Å and a second more important, indirect binding peak at 4.6 Å. The distributions of Mg^2+^ for the Z forms seem to indicate mainly indirect binding and are qualitatively more similar.

![RDFs for Na^+^ with respect to major or minor groove atoms at 0.4-M salt concentration. For B-DNA and A-RNA, the colors indicate RDFs with respect to atoms in the major groove: O6 (red), N7 (blue) and N4 (black). For Z-DNA and Z-RNA, the colors indicate RDFs with respect to atoms in the minor groove: O2 (black), N2 (red) and N3 (blue).](gku1107fig5){#F5}

![RDFs for Mg^2+^ with respect to major or minor groove atoms at 0.2-M salt concentration. For B-DNA and A-RNA, the colors indicate RDFs with respect to atoms in the major groove: O6 (red), N7 (blue) and N4 (black). For Z-DNA and Z-RNA, the colors indicate RDFs with respect to atoms in the minor groove: O2 (black), N2 (red) and N3 (blue).](gku1107fig6){#F6}

![RDFs for Na^+^ with respect to O′ backbone oxygens at 0.4-M salt concentration. Colors indicate: O2′ (green), O3′ (black), O4′ (red) and O5′ (blue).](gku1107fig7){#F7}

![RDFs for Mg^2+^ with respect to O′ backbone oxygens at 0.2-M salt concentration. Colors indicate: O2′ (green), O3′ (black), O4′ (red) and O5′ (blue).](gku1107fig8){#F8}

![RDFs for Na^+^ (solid lines, 0.4-M salt concentration) and Mg^2+^ (dashed lines, 0.2-M salt concentration) with respect to phosphate oxygens. Colors indicate: OP1 (black) and OP2 (red).](gku1107fig9){#F9}

Figure [7](#F7){ref-type="fig"}--[9](#F9){ref-type="fig"} show the RDFs between the ions and the oxygen atoms in the backbone. Figure [7](#F7){ref-type="fig"} for the Na^+^ ion shows a qualitative similarity between the B-DNA and A-RNA binding, with additional binding by the O2′ atom in RNA. The left-handed forms, on the other hand, show striking differences. Z-DNA has a strong peak for O3′ at 2.6 Å and important secondary binding at 4.7 Å for O3′ and at 4.2 Å for O5′. Z-RNA has important indirect binding for O3′ at 4.2 Å but in addition it presents a dominant peak for O2′ at 2.4 Å. For Mg^2+^, the distributions are relatively more similar (with stronger binding for the RNA forms; Figure [8](#F8){ref-type="fig"}) except, of course, for the binding to O2′ in the RNA forms. The RDFs for binding with the phosphate oxygens (OP1,OP2) are shown in Figure [9](#F9){ref-type="fig"}. For a given ion, the RDFs for the different structures all resemble each other closely, with stronger binding in the Z forms. For Na^+^, OP1 binding is preferred over OP2, especially in the Z forms. Direct binding of Na^+^ to the four duplexes takes place at ∼2.3 Å, and a weaker, secondary binding occurs at 4.5 Å. For Mg^2+^ ions, the binding is all indirect (alternatively, it is direct binding of the hexahydrated Mg\[(H~2~O)~6~\]^2+^ ion). The RDFs for K^+^ ions are given in the SI section. In general, K^+^ seems to be more tightly bound than Na^+^ in the right-handed forms, and comparably in the Z forms (except for a large peak for binding of Na^+^ to O2 in Z-RNA).

Ion binding as a function of sequence {#SEC3-3}
-------------------------------------

In addition to the RDFs, we have investigated ion binding to specific DNA/RNA atoms in a number of ways. Figures [10](#F10){ref-type="fig"} and [11](#F11){ref-type="fig"} plot the ion occupancy of each nucleotide in the sequence: the top part describes the 5′--3′ strand from left to right, while the lower part gives the occupancy of the other strand in reverse order (i.e. also in the 5′--3′ from left to right). This way of displaying the information should show mirror symmetry with respect to the horizontal axis upon ion distribution convergence. Figure [10](#F10){ref-type="fig"} plots the occupancy results for Na^+^ ions close to the nucleotides (i.e. within 3 Å) for zero salt concentration (just neutralizing Na^+^ ions). Figure [11](#F11){ref-type="fig"} shows similar results for ion occupancies within 6 Å, and therefore includes not only the so-called direct bindings but also the Na^+^ ion bindings mediated by approximately a single water molecule. In terms of the direct binding results, Figure [10](#F10){ref-type="fig"} shows that for B-DNA most of the ion binding with ∼25% occupancy is associated with three central G nucleotides of the major groove, while the minor groove and backbone O binding are either very small or negligible. For A-RNA, the major groove binding becomes distributed among all the G nucleotides with occupancies of ∼15%; and the binding with the phosphate oxygens, in the 10--15% range, is distributed more or less uniformly along the backbone. By contrast, the phosphate oxygen binding in Z-DNA is strongly centered on the Gs with populations around 50--60%; binding to the O′ oxygens is also important, in the range 20--40%, and centered on the Cs; and binding to the major and minor grooves is negligible. Z-RNA also presents binding to the phosphate oxygens on the Gs and to the O′ oxygens on the Cs, but their relative importance is reversed compared to Z-DNA: with ranges 20--40% for the phosphate oxygens and ranges 60--80% for the O′ oxygens. Binding to the minor groove along the Cs in Z-RNA is also very important, with ranges 50--70%. The net effect of including ion binding all the way to 6 Å is illustrated in Figure [11](#F11){ref-type="fig"}. Naturally, the occupancy becomes much larger and more uniform. Results for the high salt concentration (NaCl and KCl) and Mg^2+^ ions are presented in the SI section.

![Na^+^ ion occupancies within 3 Å as a function of sequence for zero salt concentration. Colors represent: major groove (black), minor groove (red), O′ oxygen atoms on backbone (blue) and phosphate oxygens (green).](gku1107fig10){#F10}

![Na^+^ ion occupancies within 6 Å as a function of sequence for zero salt concentration. Colors represent: major groove (black), minor groove (red), O′ oxygen atoms on backbone (blue) and phosphate oxygens (green).](gku1107fig11){#F11}

In addition to the different distribution functions already discussed, it is possible to further characterize the localization of ions due to particular atoms in the nucleic acid duplexes. Figure [12](#F12){ref-type="fig"} gives bar plots for the Na^+^ ion occupancies for direct (≤3 Å) and indirect (≤6 Å) binding with respect to specific atoms at zero salt. In agreement with the CDFs and RDFs presented before, there is similarity between the right-handed structures for the Na^+^ ions, with the O6 atom contributing more to direct binding (the OP oxygens have a comparable contribution for A-RNA). The left-handed structures, on the other hand, differ considerably with respect to each other and with respect to their right-handed counterparts. Figure [12](#F12){ref-type="fig"} shows that most direct binding in Z-DNA occurs at OP1 with secondary contributions from OP2 and O3′. By contrast, in Z-RNA there is a big contribution to binding by O2 (see also Figure [5](#F5){ref-type="fig"}), followed by O2′ and, to a lesser degree, the phosphate oxygens and O3′. Figure [13](#F13){ref-type="fig"} compares direct binding for K^+^ and Na^+^ (for 0.4-M salt concentration). In general, K^+^ exhibits larger ion occupancy, especially in the major groove for the right-handed forms (and part of the minor groove for B-DNA). The only exception to this observation occurs at atom O2 in Z-RNA, where Na^+^ exhibits higher ion occupancy. Comparing direct binding for Na^+^ in Figure [12](#F12){ref-type="fig"} (zero salt) and Figure [13](#F13){ref-type="fig"} (0.4-M salt concentration), one can see that there are only relatively small changes in the ion occupancies, indicating that these sites are primarily saturated at low concentrations.

![Na^+^ ion occupancies with respect to specific atoms at zero salt concentration. Occupations for direct and indirect binding are indicated with red (3 Å) and blue (6 Å). The results represent average values with respect to the entire duplex. Letters on top of the bars represent different nucleic acid regions: M (major groove), m (minor groove), O (O′ oxygen atoms on backbone) and P (phosphate oxygens).](gku1107fig12){#F12}

![Ion occupancies with respect to specific atoms at 0.4-M salt concentration within the direct binding region. Colors represent ion type: Na^+^ (red) and K^+^ (green). The results represent average values with respect to the entire duplex. Letters on top of the bars represent different nucleic acid regions: M (major groove), m (minor groove), O (O′ oxygen atoms on backbone) and P (phosphate oxygens).](gku1107fig13){#F13}

Anion distribution {#SEC3-4}
------------------

The aim of this work is to characterize the cation distribution around the four types of duplexes. However, we also checked whether the Cl^−^ anions had contacts with the nucleic acids. We found that, indeed, there were short-lived contacts. For instance, a contact close to C-N4 was seen in all four duplexes, but its occupation was extremely low. In addition, we found low-population bindings to the O2′ sugar groups for the RNA duplexes, and to G-N2 in B-DNA and A-RNA. So indeed, it is possible for the anion to intrude the first hydration shell of nucleic acids ([@B39]), but these events are too rare to be statistically significant. The CDFs in Figure [3](#F3){ref-type="fig"} show that the behavior of the Cl^−^ anion distribution is similar in all cases: it is close to zero next to the helical axis with a smooth increase out to its bulk value. For the DNA structures, values of the Cl^−^ distribution start to rise before 10 Å, while for the RNA structures the values start to rise only after 10 Å: Cl^−^ anions generally are not allowed near the duplexes, and this repulsion is stronger for the RNA structures.

Structural interpretation of ion occupation {#SEC3-5}
-------------------------------------------

Table [1](#tbl1){ref-type="table"},[3](#tbl3){ref-type="table"} gives the residence times for the three ions, and Table [2](#tbl2){ref-type="table"} gives the average distances of the monovalent ions to the nucleotide atoms. Figure [14](#F14){ref-type="fig"} illustrates some typical binding pockets for the Na^+^ ion in the different nucleic acid structures. Figure [14a](#F14){ref-type="fig"} and [b](#F14){ref-type="fig"} gives a snapshot of the binding of the Na^+^ ion by O6 in B-DNA and A-RNA. The ion is directly bound to the O6 atoms and also close to the N4 atoms of the major groove. This binding pocket is shown in more detail in Figure S8, where the hydrogen atoms covalently linked to the N4 atoms and four bound waters are depicted explicitly. In this conformation, the Na^+^ ion is strongly bound by the G-O6 atoms, and given the geometry of the GpC steps, the ion manages to position itself relatively close to the N4 atoms by avoiding the electropositive N4 hydrogen atoms, which point away from the ion. In the process, the ion loses two of the waters in its binding shell. In A-RNA, the distance to the N4 atoms decreases slightly, as shown in Table [2](#tbl2){ref-type="table"}. This is particularly true for K^+^, which shows a residence time of 2.4 ns for N4. In the four cases (B-DNA/A-RNA combined with Na^+^/K^+^), the configurations can be described as ion bridges, without intervening waters between the ions and the O6 and N4 atoms. In addition, K^+^ exhibits long residence times for O2 and N2 in the minor groove of B-DNA. Figure [14c](#F14){ref-type="fig"} shows the direct binding of Na^+^ to the phosphate oxygens in a CpG step in Z-DNA and Figure [14d](#F14){ref-type="fig"} shows the binding of Na^+^ to O2 and O2′ in Z-RNA. In Z-DNA, the binding of Na^+^ to G-OP1 is direct, with the longest residence time (∼2.3 ns) and a short binding distance of ∼2.4 Å. Instead, the OP1 in the C nucleotide points outside the helical core in Z-DNA, and therefore its residence time is only ∼0.43 ns. With respect to the OP2 atoms in Z-DNA, the residence time of Na^+^ is ∼0.35 ns in C-OP2 and 0.65 ns in G-OP2. For the Z-RNA conformation shown in Figure [14d](#F14){ref-type="fig"}, the cation is localized by four atoms: two each of O2 and O2′ all situated in the C nucleotides. These atoms are relatively close to the cation, with distances in the 2.3--2.5 Å range. This illustrates how Z-RNA is much more efficient in localizing or trapping cations, and is reflected in the residence times given in Table [1](#tbl1){ref-type="table"}. The times associated with Z-RNA O2 in C and O2′ in C are very high: 8.6 ns and 7.8 ns, respectively. These residence times are so much longer than the times associated with other binding sites that ions making their way into these positions in Z-RNA are effectively trapped there for a very long time. We have also examined the characteristics of the OP1 and OP2 binding for Z-RNA, which qualitatively resemble those of Z-DNA.

![Atomistic details of some direct binding sites of Na^+^ for different nucleic acid structures. (**a**) Binding to G-O6 (and proximity to C-N4) in B-DNA; (**b**) binding to G-O6 (and proximity to C-N4) in A-RNA; (**c**) binding to G-OP1, G-OP2 and C-O3′ in Z-DNA; (**d**) binding to C-O2 and C-O2′ in Z-RNA. The configurations shown are just a snapshot at a given time obtained from the MD simulations. Details of (a) are also provided in Figure S8.](gku1107fig14){#F14}

###### Residence time (in ns) of Na^+^ and K^+^ for different atoms in the nucleic acid structures

          Na^+^(K^+^) residence times (ns)                                                                                                         
  ------- ---------------------------------- ---------- ------------ ------------ ------------ ------------ ------------ ------------ ------------ ------------
  B-DNA   N4                                 O2         O6           N2           N3           N7           O3′          O4′          OP1          OP2
          0.83(1.74)                         --(1.82)   1.01(2.03)   --(1.84)     --(1.48)     0.25(1.37)   0.38(0.41)   --(1.74)     0.39(0.86)   0.35(0.80)
  Z-DNA   O2                                 O6         N7           O3′(C)       O3′(G)       OP1(C)       OP1(G)       OP2(C)       OP2(G)       
          --(0.30)                           --(0.62)   --(0.68)     1.25(2.12)   --(0.51)     0.43(1.18)   2.26(4.75)   0.35(0.86)   0.65(1.84)   
  A-RNA   N4                                 O2         O6           N7           O2′          OP1          OP2                                    
          0.43(2.45)                         --(0.38)   0.54(1.47)   0.35(0.85)   --(0.52)     0.42(1.58)   0.47(1.56)                             
  Z-RNA   O2                                 O6         O2′(C)       O2′(G)       O3′(C)       O3′(G)       OP1(C)       OP1(G)       OP2(C)       OP2(G)
          7.83(2.79)                         --(0.91)   8.56(5.42)   --(0.71)     1.10(1.43)   --(0.67)     0.43(0.99)   1.21(1.92)   0.36(0.76)   0.60(1.82)

These results are for 0.4-M salt concentration.

###### Distance from ions to specific nucleic acid atoms for direct binding

          Na^+^(K^+^) distances (Å)                                                                                                               
  ------- --------------------------- -------------------------- -------------------------- -------------------------- -------------------------- --------------------------
  B-DNA   O6(G6)                      O6(G18)                    N4(C7)                     N4(C19)                                               
          2.38 ± 0.13(2.78 ± 0.17)    2.40 ± 0.14(2.80 ± 0.19)   3.72 ± 0.50(3.87 ± 0.56)   3.58 ± 0.54(4.06 ± 0.61)                              
  Z-DNA   OP1(G8)                     OP1(G20)                   OP2(G8)                    OP2(G20)                   O3′(C7)                    O3′(C19)
          2.39 ± 0.15(2.82 ± 0.20)    2.36 ± 0.13(2.80 ± 0.19)   3.86 ± 0.36(4.11 ± 0.39)   4.12 ± 0.30(4.13 ± 0.41)   3.96 ± 0.26(3.39 ± 0.54)   3.97 ± 0.27(3.37 ± 0.52)
  A-RNA   O6(G6)                      O6(G18)                    N4(C7)                     N4(C19)                                               
          2.36 ± 0.11(2.79 ± 0.17)    2.39 ± 0.14(2.78 ± 0.18)   3.13 ± 0.52(3.54 ± 0.36)   3.59 ± 0.38(3.66 ± 0.40)                              
  Z-RNA   O2(C7)                      O2(C19)                    O2′(C7)                    O2′(C19)                                              
          2.39 ± 0.13(2.83 ± 0.21)    2.39 ± 0.12(2.79 ± 0.18)   2.43 ± 0.13(2.80 ± 0.15)   2.44 ± 0.13(2.77 ± 0.14)                              

The labels in the parenthesis refer to the residues to which the atoms belong. Usually four to six atoms act to form a single ion trap in the middle part of a duplex, as shown in Figure [14](#F14){ref-type="fig"}. The distances are averages and are based on the last 10 ns of MD simulations.

###### Residence time (in ns) of Mg^2+^ for different atoms in the nucleic acid structures

          Mg^2+^ residence times (ns)                                                                                                                  
  ------- ----------------------------- ------ ------ ------ -------- -------- -------- -------- -------- -------- -------- -------- -------- -------- --------
  B-DNA   N4                            O6     N7     O3′    O5′      OP1      OP2                                                                     
          2.04                          9.43   2.21   0.79   0.52     1.20     0.93                                                                    
  Z-DNA   O2                            O6     N2     N7     O3′(C)   O3′(G)   O5′(C)   O5′(G)   OP1(C)   OP1(G)   OP2(C)   OP2(G)                     
          1.08                          0.57   1.04   0.59   2.61     0.56     1.37     1.15     2.15     7.00     1.24     5.62                       
  A-RNA   N4                            O6     N7     O2′    O3′      O5′      OP1      OP2                                                            
          2.20                          2.42   1.13   0.42   0.75     0.82     2.25     2.10                                                           
  Z-RNA   N4                            O2     O6     N2     N7       O2′(C)   O2′(G)   O3′(C)   O3′(G)   O5′(C)   O5′(G)   OP1(C)   OP1(G)   OP2(C)   OP2(G)
          0.71                          1.89   0.90   1.02   0.96     6.04     0.57     4.93     0.48     0.96     0.95     1.73     7.61     0.85     4.99

These results are for 0.2-M salt concentration, using a cutoff of 5 Å.

Residence times associated with K^+^ are considerably longer than those for Na^+^, except for Z-RNA where Na^+^ has longer residence time for the O2 and O2′ in C. The binding distances for K^+^ tend to be longer than those for Na^+^, reflecting the larger size of the K^+^ ion (for which we considered distances ≤3.5 Å as direct binding). An exception to this is seen in cytosine O3′ in Z-DNA which displays direct binding for K^+^ (residence time of 2.1 ns) but not for Na^+^. Smaller fluctuations in the binding distances shown in Table [2](#tbl2){ref-type="table"} correlate with stronger, direct binding, while larger fluctuations correlate with higher mobility and indirect binding.

Table [3](#tbl3){ref-type="table"} also gives the characteristic residence times for the hexahydrated Mg\[(H~2~O)~6~\]^2+^ ions. Figure [15a](#F15){ref-type="fig"} shows Mg\[(H~2~O)~6~\]^2+^ localization in the major groove of B-DNA, with the hexahydrated ion bound to G-O6 (with a very large residence time of 9.4 ns) and G-N7 (and also in proximity of C-N4) in the GpC steps. The same binding can be found in A-RNA (see Figure S9a), with residence times of 2.4 ns (O6) and 2.2 ns (N4). These two cases are quite similar to those described for Na^+^ in Figure [14a](#F14){ref-type="fig"} and [b](#F14){ref-type="fig"} and Figure S8. In addition, the ion can display long-time binding to the phosphate oxygens in A-RNA with equivalent residence times (2.1--2.3 ns). This occurs, for instance, in the bridge between distant phosphate groups as shown in Figure [15b](#F15){ref-type="fig"} and [c](#F15){ref-type="fig"}. The latter results in high bending of the duplex, and in this way the Mg\[(H~2~O)~6~\]^2+^ ion completely closes access of other ions to the middle of the duplex. Z-DNA shows strong localization at the phosphate oxygens, with residence times of 7 ns (G-OP1) and 5.6 ns (G-OP2). This can be seen in Figure S9b, where the OP oxygens are pointing outward, away from the core of the helix, and in Figure S9c, where the ion is in the minor groove of Z-DNA. Z-RNA displays several binding sites: G-OP1 (7.6 ns), G-OP2 (5 ns), C-O2 (1.9 ns), C-O2′ (6 ns) and C-O3′ (4.9 ns). Figure [15d](#F15){ref-type="fig"} shows binding in the minor groove of Z-RNA.

![Atomistic details of binding sites of hexahydrated Mg^2+^ (green) for different nucleic acid structures. (**a**) Binding to G-O6 (red) and G-N7 (blue) (C-N4 is shown in cyan) in B-DNA; (**b**) binding to phosphate oxygens (orange) in A-RNA; (**c**) overall view of (b) along the duplex; (**d**) binding to G-OP1 (red), G-OP2 (pink), C-O2′ (yellow) and C-O3′ (violet) in Z-RNA in a similar arrangement as that shown in Figure [14c](#F14){ref-type="fig"}. The configurations shown are just a snapshot at a given time obtained from the MD simulations.](gku1107fig15){#F15}

Nucleic acid structure as a function of salt concentration {#SEC3-6}
----------------------------------------------------------

We have checked whether the structure of the duplexes changes as a function of salt concentration. We consider the case for Na^+^ ion with 0-M, 0.4-M and 4.0-M excess NaCl salt. All the structures show typical alternating, periodic features in the various parameters that reflect the regular, alternating sequence pattern. Once the left-handed structures are equilibrated, they show no measurable sensitivity (within the statistical errors) to the salt concentration. B-DNA shows no sensitivity up to 0.4-M NaCl. However, for 4.0 M, some localized changes at base pairs 7--9 can probably be attributed to the high salt concentration. In particular, the sugar pucker of base G8 in B-DNA changes from its predominantly C2′-endo conformation to C1′-endo and some C2′-exo (Figure S10a). This affects other parameters around this base, such as the step twist shown in Figure S10b and the glycosidic angle, that changes from −112° at 0 M and 0.4 M to −58° at 4.0 M, effectively switching from an *anti* conformation to a 'syn' conformation. These local changes may indicate the onset of an instability due to the high salt concentration. On the other hand, A-RNA is the structure that shows most sensitivity to salt concentration globally. This is quite apparent in helical and step parameters. Two such examples are given in Figure S10c and d. Although the figures shown in Figure S10 are only averaged over the last 10 ns of the simulations, they give a good idea of the general trends. Inclination, step roll, helical and step twist and x-displacement all increase with salt concentration while helical and step rise, and propeller decrease with salt concentration. In other words, the structure becomes more compact and more A-like, an observation that has been reported before ([@B85],[@B87]). For instance, we measure the average helical inclination and roll step parameter (during the last 10 ns) as ≃ 10° and ≃ 6°, respectively, for zero excess salt, and ∼17° and ≃ 10°, respectively, for 4.0-M NaCl.

DISCUSSION AND CONCLUSIONS {#SEC4}
==========================

Role of the ion type {#SEC4-1}
--------------------

With MD simulations, we have calculated the distribution of the K^+^, Na^+^ and Mg^2+^ cations (and the Cl^−^ anions) around right-handed B-DNA and A-RNA, and left-handed Z-DNA and Z-RNA. As previously pointed out ([@B76]), differences in binding between the Na^+^ and K^+^ cations are important because while K^+^ cations dominate in the intracellular fluids (at ∼0.14 M), most studies have been carried out with the Na^+^ cation, which is mainly present in extracellular fluids. In fact, K^+^ cations are important for activating RNA systems, and for ribosome structure that can otherwise unfold in their absence ([@B76],[@B95],[@B96]). In solution, positive cations attract water molecules that form a 'solvation shell' around them. Large angle X-ray scattering and double difference infrared spectroscopy have determined ([@B97]) the bond distance between the cation and the first-shell water oxygen as 2.43 Å for Na^+^ and 2.81 Å for K^+^. This bond distance in Mg^2+^ is ∼2.00--2.15 Å ([@B98]). For the same average distance, we measure 2.44 Å for Na^+^, 2.89 Å for K^+^ and 2.00 Å for Mg^2+^, which provides for a good validation of the ion parameters being used.

The cations are naturally attracted to the electronegative sites around the nucleic acid duplexes, and both direct and water-mediated binding are seen. Many of the results can be understood by the fact that the ionic radius of each K^+^, Na^+^ and Mg^2+^ decreases in that order, while the strength of the first solvation shell around a metal cation decreases with its radius and increases with its charge. Thus, Mg^2+^ maintains its first solvation shell during the entire length of the simulations, and effectively acts as a hexahydrated cation, Mg\[(H~2~O)~6~\]^2+^. On the other hand, both monovalent cations can become partially dehydrated, but K^+^ (having a larger radius than Na^+^) can shed some of its first solvation waters with more ease and therefore penetrate deeper into smaller nucleic acid pockets. In fact, the hydration enthalpy of K^+^ has been measured experimentally to be ∼17 kcal/mol higher than that of Na^+^ ([@B99],[@B100]). The Na^+^ ion can crystallize with full hydration shell with large low-symmetry counterions, while the inability of K^+^ to form well-defined hydrated structures in the solid state is a sign of its weak hydration ([@B97]).

Divalent ions are known to play an important role in the folding of biomolecules, especially RNA systems, and MD simulations have contributed to elucidate the role of cations in oligonucleotide systems. ([@B35],[@B57],[@B101]--[@B107],[@B102]--[@B107]). In particular, Mg^2+^ cations are the most important divalent ions for the formation of RNA structures and their functional role in the cell. The fact that Mg^2+^ is very resistant to dehydration is reflected in crystallography, where Mg^2+^ in high-resolution crystal structures were observed to be fully hydrated ([@B40],[@B49]). It has been seen that in crystallography, where concentrations are higher than physiological levels, Mg\[(H~2~O)~6~\]^2+^ can bind to sites that they would not normally do under physiological conditions, where they would wander off and be replaced by partially dehydrated monovalent cations ([@B76]). From the point of view of the simulations, it is known that accurate descriptions of divalent ions such as Mg^2+^ require the use of polarizable force fields ([@B108]), and the first simulations of DNA in explicit solvent with a fully polarizable force field ([@B109]--[@B111]) (applied to all atoms) showed that even a very simple representation of the atomic polarizability can improve the accuracy of the simulations. In spite of this, the parameters used in the present simulations (see SI) are known to give good qualitative insights into ion binding sites.

We have also looked at the distribution of the Cl^−^ anions and found that there were short-lived contacts, including contacts close to C-N4 in all four duplexes, to the O2′ sugar groups for the RNA duplexes, and to G-N2 in B-DNA and A-RNA, which confirms that it is possible for the anion to intrude upon the first hydration shell of nucleic acids ([@B39]). However, these events are quite rare and are not statistically significant. The CDFs (Figure [3](#F3){ref-type="fig"}) show that Cl^−^ anions generally are not allowed near the duplexes, particularly in the RNA structures. It is, however, possible that our simulations underestimate the contacts due to the absence of polarization. Studies on ion interface solvation ([@B112]--[@B117]) show that halide anions (all but fluoride) prefer surface solvation versus bulk solvation, and thus---in absence of other competing forces, such as those due to the presence of other ions---the halide ion would naturally migrate, for instance, to a biomolecule--water interface. The driving force for surface solvation is the polarizability of water. Thus, the inclusion of polarization in the force field could result in larger probabilities for closer contacts between co-ions and nucleic acids.

We have also tracked the diffusion constants for the different ions in the presence of different duplexes, and the results are presented in the SI.

Comparison between different ions for B-DNA and A-RNA {#SEC4-2}
-----------------------------------------------------

Results for our sequence, (5′-CGCGCGCGCGCG-3′)~2~, show both similarities to and differences from other recent extensive simulations of ion distributions ([@B74],[@B73],[@B78],[@B86]); the differences mainly due to the fact that the sequences employed in these other simulations are relatively rich in A and T or U nucleotides.

At zero excess salt, most Na^+^ direct binding to B-DNA occurs in the major groove, especially in the three central Gs in the GpC steps. For A-RNA, the Na^+^ direct binding is spread more evenly among all the Gs in the GpC steps of the major groove and is comparable to the binding to phosphate oxygens in the backbone. Direct binding to the major groove is saturated so that when the excess salt content increases to 0.4 M, direct binding to the major groove barely increases (direct binding to the phosphates increases slightly). For both duplexes and both salt concentrations, direct binding of Na^+^ in the minor groove is negligible. By contrast, more favorable binding of Na^+^ in minor grooves has been found in A-tract DNA or ApT steps both in NMR studies ([@B61],[@B62]) and simulations ([@B73],[@B78]). Naturally, the population of water-mediated Na^+^ contacts at 6 Å is much larger for each nucleotide than that for direct binding. Still, the occupation of the major groove in these water-mediated contacts is larger than the occupation of the minor groove, especially for A-RNA. For K^+^, direct binding is qualitatively similar to that of Na^+^, except that population in the major groove associated with the Gs in GpC steps is considerably increased, and there is a non-negligible population in the minor groove for B-DNA. On the other hand, minor groove occupation is almost non-existent for A-RNA (Figure [13](#F13){ref-type="fig"}). Preferred binding of K^+^ in the major groove has been observed experimentally ([@B47],[@B63]).

Other general differences between B-DNA and A-RNA can be observed in the CDFs and RDFs presented in Figures [2](#F2){ref-type="fig"},[3](#F3){ref-type="fig"},[5](#F5){ref-type="fig"}--[8](#F8){ref-type="fig"}. In B-DNA water-mediated binding of cations is more evenly distributed: while the majority resides in the major groove with occupancy varying between 40 and 56% for Na^+^ (Figure [12](#F12){ref-type="fig"}), the minor groove and backbone oxygens have non-negligible, comparable occupations around 20%. In A-RNA even water-mediated cations are more localized: occupancy in the major groove reaches up to 70%, it is very small for the minor groove, and rises again for the phosphate oxygens (Figures [12](#F12){ref-type="fig"} and [13](#F13){ref-type="fig"}). Thus A-RNA exhibits a stronger localization of counterions, which is reflected in the higher peaks and faster decay in the CDFs in Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}. In A-RNA most of the cation density lies in the major groove along the cylindrical axis of the helix, a consequence of the structure of the helix whose base-pair planes are not perpendicular to the helix axis (as in B-DNA) but tilted toward the axis, thus leaving the core of the helix more exposed. This penetration of the ions into the open core of the helix is 'complete' for K^+^ at high salt (Figure [3](#F3){ref-type="fig"}), but even Mg\[(H~2~O)~6~\]^2+^ is very close to the helix axis (here calculated as the global z-axis with 3DNA, as in SCHNAaP ([@B118]), defined by vectors that are a combination of C1′ and G-N9/C-N4 atoms along the same strand, as developed by Rosenberg *et al.* ([@B119])). Interestingly, a comparison with the Na^+^ CDFs for A-RNA for a different sequence with high content of A and U nucleotides ([@B86]) shows important sequence-dependent effects. For instance, the CDF for Na^+^ at 0.4-M NaCl in Figure [3](#F3){ref-type="fig"}, ([@B86]), shows several 'binding regions' with the maximum peak at ∼10 Å. For our CG sequence, the peak near the origin completely dominates the distribution of Na^+^ (an effect that is even larger for K^+^). This can be understood in terms of the perfect regularity of the pure CG sequence where the GpC steps strongly encourage binding to the major groove.

Particularly noticeable in our systems is the direct binding of the monovalent ions by G-O6 in the GpC steps, which has been observed before ([@B70],[@B74]). A K^+^ 'ion bridge' of the monovalent cation joining the two electronegative G-O6 on different strands (Figure [14a](#F14){ref-type="fig"},b) was observed both in DNA and RNA ([@B70]). In our results, this ion bridge also extends to the C-N4 atom in the corresponding GpC steps for both Na^+^ and K^+^, and for both B-DNA and A-RNA. Binding to C-N7 is also important (Figures [12](#F12){ref-type="fig"} and [13](#F13){ref-type="fig"}), but with shorter residence times. This can be explained by the geometry of the steps. A cation between G-O6 and C-N7 will also be attracted by the backbone oxygens, and therefore its motion will be more diffusive, less localized. The absence of binding to the CpG steps was attributed to the protruding of the two electropositive cytosine amino groups in the CpG steps ([@B70]), which is consistent with our observations. Finally, with respect to the backbone oxygens, there is direct binding to O3′ and water-mediated binding to both O3′ and O5′. Naturally, A-RNA also shows binding to O2′, although this is not as strong as for O3′ and O5′ (Figure [7](#F7){ref-type="fig"}). Both phosphate oxygens have comparable binding in both forms, B-DNA and A-RNA, and for both Na^+^ and K^+^ (Figures [9](#F9){ref-type="fig"} and [13](#F13){ref-type="fig"}). Residence times are considerably longer for K^+^ than for Na^+^. Long residence times near the phosphates have been also observed in some recent B-DNA simulations ([@B74]).

The Mg^2+^ cation has quite different binding properties from its monovalent counterparts, due to its tightly bound first solvation shell. In the CDFs at 0.2-M excess salt concentration in Figure [3](#F3){ref-type="fig"}, we observe two clearly defined binding regions for both B-DNA and A-RNA (and a very small intermediate peak for A-RNA). In agreement with the RDFs and CDFs, Figure [4](#F4){ref-type="fig"} shows that the distribution of Mg^2+^ cations is more localized than those for Na^+^/K^+^ for all four duplexes. This strong localization of Mg^2+^ ions around A-RNA was observed recently ([@B86]), where it occurs not only in the presence of MgCl~2~ but also in mixtures with NaCl salt. The RDFs in Figure [6](#F6){ref-type="fig"} show strong Mg\[(H~2~O)~6~\]^2+^ binding in the major groove to G-O6 at 4.1 Å (B-DNA) and 4.3 Å (A-RNA), with a much higher peak in B-DNA, and a second important peak further away for C-N4. An example of this binding geometry is given in Figure [15](#F15){ref-type="fig"} a and Figure S8, where the residence times for G-O6 are 9.4 ns for B-DNA and 2.4 ns for A-RNA. The closest backbone oxygen bindings occur at O3′ and O5′ with a more distant peak for O2′ in A-RNA. Binding to the two phosphate oxygens is very strong, with the first peak strongly centered at 4.1 Å. An interesting case occurs when the hexahydrated ion binds phosphate pairs belonging to distant base pairs as shown for A-RNA in Figure [15b](#F15){ref-type="fig"} and [c](#F15){ref-type="fig"} resulting in acute bending of the duplex and the prevention of access of other ions to the middle of the duplex. Binding to the minor groove is negligible, considerably less than that of Na^+^ or K^+^ at 6 Å. Binding of Mg\[(H~2~O)~6~\]^2+^ to the guanines in the major grooves has been measured previously ([@B86]) and has been seen experimentally ([@B45],[@B50],[@B120],[@B121]).

With respect to the dependence of the right-handed forms on the salt concentration, we found that B-DNA is less sensitive than A-RNA. There are no structural changes in B-DNA at 0.4-M NaCl and only at the high concentration of 4.0-M NaCl excess salt, we see what can be interpreted as the start of a salt-induced instability in base G8. This is manifested as a flipping of G8 from the 'anti' to the 'syn' conformation. By contrast, A-RNA is quite sensitive to salt concentration, exhibiting global changes even at 0.4-M NaCl. The nature of these changes is in complete agreement with previous findings ([@B85],[@B87]). Mainly, the structure becomes more compact and switches more to the A-form as salt concentration increases. This is seen in an increase of inclination, step roll, helical and step twist, and x-displacement with salt concentration, accompanied by a decrease of helical and step rise, and propeller. These trends are coupled, as an increase in helical inclination leads to a larger base pair roll (which follows the same pattern as Figure S9d), narrowing of the major groove and to a reduction of helical rise. It is not clear whether this is an effect of the force field (which at present is the most accurate one for the description of nucleic acids ([@B87])), but it has been observed ([@B87]) that a different water model (SPC/E) can result in an even more compact A-RNA structure. Unfortunately, the existing experimental data includes a wide span of compactness for A-RNA duplexes, which precludes determining whether this trend toward compactness with increasing NaCl salt is real or not. The trend would seem counter-intuitive as a high increase in salt is expected to lead to a change in handedness, and thus one would expect a decrease of both helical and step twist, an increase of rise, etc. with salt concentration. Experimentally, however, the transition has been achieved under different conditions, such as chemical modification of the bases ([@B122]); high pressure ([@B30]) or different salt conditions, such as 6.0-M NaClO~4~ ([@B29]).

Comparison for different ion distributions between the left-handed and the right-handed forms {#SEC4-3}
---------------------------------------------------------------------------------------------

There are similarities but also strong differences in ion distributions around the left-handed forms. These differences are measured not only when comparing to the right-handed forms but also when comparing between Z-DNA and Z-RNA.

Since ion distribution is a function of the duplex structure, we briefly review Z-DNA and Z-RNA structures. Both duplexes, formed by antiparallel strands with WC base-pairing, are characterized by the typical zig-zag pattern of the sugar-phosphate backbone, and a dinucleotide repeat unit. In Z-DNA the major and minor grooves are very similar in width, while in Z-RNA the base pairs are closer to the helix axis (with smaller *x*- and *y*-displacements) and both a deep, narrow minor groove and the major groove are well-defined. In addition to handedness, other major differences with the right-handed forms include the glycosyl angle: it is 'anti' for both G and C in the right-handed duplexes, but in the left-handed forms it is 'syn' for G and 'anti' for C. Both handedness and glycosyl angles have been used as highly discriminating order parameters for the description of the structural transition between B-DNA and Z-DNA, leading to a complex free energy landscape which allows for the coexistence of several competing mechanisms ([@B24]). The predominant sugar pucker (C2′-endo in B-DNA; C3′-endo in A-RNA) is C2′-endo for C and C3′-endo for G in the Z forms. Twist angles of 33° to 38° for B-DNA and 29° to 34° for A-RNA also change drastically. The Z forms have higher negative values for the GpC steps, and smaller values for the CpG steps. Both forms have intra-strand stacking for GpC steps and inter-strand stacking for CpG steps, as observed experimentally in Z-DNA ([@B1]), and in Z-RNA at low ionic strengths ([@B31]). In Z-RNA, the C-O2′ groups are deeply buried in the narrow minor groove, while the G-O2′ and the phosphate oxygens reside on the outer helix surface. We have maintained the atomic definition of major and minor grooves (as shown in Figure [1](#F1){ref-type="fig"}) to follow the convention in the literature for Z-DNA ([@B1]) and for Z-RNA ([@B29]), although from a geometrical point of view, the role of these grooves appears to be inverted for the left-handed forms.

CDFs in Figure [2,3](#F2 F3 F4){ref-type="fig"} show that: (i) the ion distributions converge faster in the left-handed forms than in the right-handed forms; (ii) the maximum peaks are closer to the helical axis in the right-handed forms than in the left-handed forms; (iii) the relative height of the maximum peaks depends on the cation type. For Na^+^, first and second binding shells (when present) are higher in the Z forms than in the right-handed forms and, for each handedness, first peaks are higher for the RNA duplexes than for the DNA duplexes. While the K^+^ first peaks are considerably higher than those for the other two cations in the right-handed forms, they are equal to or lower than those of Na^+^ in the left-handed forms. Figure [4](#F4){ref-type="fig"} shows that for any given distance before the asymptotic value, A-RNA is more screened than B-DNA. For regions close to the axis, A-RNA localizes more Na^+^ and K^+^ ions than both B-DNA and Z-DNA, and more Mg^2+^ ions than the three other forms. At intermediate distances, charge neutralization works better in the left-handed forms (which are comparable). For all duplexes, the Mg^2+^ ion distribution is considerably more localized than the Na^+^ ion distribution, which in turn is slightly more localized than the K^+^ ion distribution.

Binding to major and minor grooves changes dramatically when handedness changes (the role of the minor groove in the Z forms being closer to the role of the major groove in the right-handed forms). RDFs in Figure [5](#F5){ref-type="fig"}--[9](#F9){ref-type="fig"} show that (i) Na^+^ binding in the major groove for both B-DNA and A-RNA is similar, driven mainly by binding to G-O6, with localization also close to C-N4, followed by C-N7 in the GpC steps. (ii) Na^+^ binding in the minor groove of Z-DNA and Z-RNA is very different. Z-RNA has a very large peak for O2 at 2.3 Å and a second peak for N2 at 3.7 Å. Z-DNA has almost no binding at these short distances, with the first non-negligible peak for O2 at 4.6 Å. (iii) While Mg^2+^ binding in the major groove is stronger for B-DNA than A-RNA, its binding in the minor groove of Z-RNA is stronger than in Z-DNA. Binding to C-O2 shows two clearly defined bindings shells at 4.4 and 6.5 Å, which correspond to a direct binding to Mg\[(H~2~O)~6~\]^2+^ and binding with one intermediate water molecule to Mg\[(H~2~O)~6~\]^2+^. (iv) The O2′ in RNA naturally provides a source of binding differences between DNA and RNA. For Na^+^ the patterns of binding to O3′ and O5′ (and to less extent O4′) are relatively similar between B-DNA and A-RNA, with binding to O2′ less important than to O3′ and O5′. Instead, an important binding peak to O3′ at 2.5 Å in Z-DNA becomes minor in Z-RNA, while binding to O2′ at the same distance dominates. Similarly, for Mg^2+^ the patterns of binding to the O′ oxygens are similar between B-DNA and A-RNA, except for O2′ in A-RNA, which is not dominant. For Mg^2+^ in Z-RNA, the first binding peak to O3′ increases in Z-RNA with respect to Z-DNA, and the O2′ peak at 4.2 Å is also very important. (v) Binding of Na^+^ to the OP2 oxygens is similar for the four duplexes, while binding to OP1 increases for the Z forms. For Mg^2+^ , these bindings are comparable for the four duplexes.

Figure [10](#F10){ref-type="fig"}--[13](#F13){ref-type="fig"} show sequence-specific features. Both for zero and high salt concentration, Na^+^ direct binding to the major groove is small (K^+^ exhibits slightly more binding in the major groove) for both Z-DNA and Z-RNA. Indirect binding to the major groove increases the population (centered at the G\'s). The left-handed forms have distinct patterns of strong direct binding to the phosphate oxygens in the Gs (larger in Z-DNA than Z-RNA) and to the O′ oxygens in the Cs (larger in Z-RNA due to binding to O2′). With respect to the minor groove, direct binding of Na^+^ and K^+^ is quite different for Z-DNA and Z-RNA: in Z-DNA the ions do not bind directly to the minor groove, but they do so, with large occupation numbers, through intermediate waters; in Z-RNA direct binding to the minor groove is quite high, mainly due to C-O2. Mg^2+^ binding at 6 Å follows a similar pattern: not much binding in the major groove, with slightly more binding in the minor groove (but certainly not as high as for Na^+^ at 6 Å), preferential binding to the phosphate oxygens in the Gs, and to the O′ oxygens in the Cs.

In Z-DNA, the longest residence times for monovalent ions occur for G-OP1 (2.3 ns for Na^+^ and 4.7 ns for K^+^) with a second longest residence time at C-O3′. Thus, in the 5′-3′ direction the ion binds to the O3′ of the sugar ring of a cytosine and to the two phosphates G-OP1 and G-OP2 immediately following C-O3′. This, with the equivalent set of atoms one CpG step ahead in the opposite strand, forms a pocket, as illustrated in Figure [14](#F14){ref-type="fig"} c for Na^+^ in Z-DNA. Table [2](#tbl2){ref-type="table"} indicates that for Na^+^, G-OP1 is a site of direct binding while G-OP2 and C-O3′ are sites of indirect binding. On the other hand, K^+^ finds itself in a tighter pocket, with direct binding to both G-OP1 and C-O3′, and indirect binding to G-OP2, which explains the longer residence times for K^+^ associated with these positions. Z-RNA seems to provide the best 'ion trap' with direct binding to the C-O2 and the C-O2′ atoms in a GpC step in one strand and the same set of atoms belonging to the same GpC step in the opposite strand (see example in Figure [14d](#F14){ref-type="fig"}). Bound to four RNA atoms, the ion only retains two of its first solvation shell waters. This ion bridge has been observed experimentally at physiological ionic strengths ([@B31]). These Z-RNA atoms exhibit the largest residence times for monovalent ions observed in our simulations: 7.8 ns (2.8 ns) for Na^+^ (K^+^) in C-O2 and 8.6 ns (5.4 ns) for Na^+^ (K^+^) in C-O2′. Finally, the hexahydrated Mg\[(H~2~O)~6~\]^2+^ ion also finds strong binding pockets in both Z-DNA and Z-RNA, specially when the phosphate oxygens are involved. Typical binding pockets are shown in Figure [15d](#F15){ref-type="fig"} and Figure S9b and c. Long residence times in Z-DNA include 7 ns for G-OP1 and 5.6 ns for G-OP2. Long residence times in Z-RNA include 6.0 ns in C-O2′, 4.9 ns in C-O3′, 7.6 ns in G-OP1 and 5.0 ns in G-OP2.
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